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Abstract: A multimodal nonlinear optical imaging platform based on a single femtosecond
oscillator is built for simultaneous TPEF and SF-CARS imaging. TPEF microscopy and SF-
CARS microscopy is utilized for mapping the distribution of the lignin component and the
polysaccharide component, respectively. Visualization of vessel structure is realized. And the
relative distribution of lignin and polysaccharide of vessel structure is mapped. Two pumpkin
stem tissue areas with different degrees of lignification are observed with simultaneous TPEF and
SF-CARS imaging, and two types of cell walls are identified. The different distribution patterns
of lignin and polysaccharide in these two types of cell walls, induced by different degrees of
lignification, are analyzed in detail.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Coherent anti-Stokes Raman scattering (CARS) microscopy is a significant non-labelling
nonlinear optical microscopy [1–3] and has been widely used as a non-invasive microscopic
technique in biological imaging, medical diagnosis, and material sciences [4–8]. Broadband
CARS microscopy offers feasible solution for distinguishing different chemical components,
especially the species with overlapped Raman spectra. Hence, broadband CARS microscopy is
suitable for studying heterogeneous systems, such as complex cells or tissues [9]. Broadband
CARS techniques can be realized with several methods, such as spectral focusing [10], multiplex
excitation [11–13], and Fourier-transform [14–16]. In recent years, method of spectral focusing
has attracted plenty of attention due to its prominent ability in improving spectral resolution and
simplifying CARS setups [17–22].

Spectral focusing CARS (SF-CARS) microscopy was pioneered by Hellerer et al. in 2004 [23].
Matched linear chirping of the pump and Stokes pulses is required for spectral focusing and has
been realized with dispersive glass blocks [24], grating compressors [23], combination of glass
block and acousto-optic programmable dispersive filter [25], or spatial light modulators [17,26].
Therein, realizing matched linear chirping of the pump and Stokes pulses with highly dispersive
glass blocks is the simplest way for spectral focusing and is popular in SF-CARS microscopy.
SF-CARS microscopy, realized with glass blocks, has been implemented with combination of
femtosecond (fs) oscillator and optical parametric oscillator [24], single femtosecond oscillator
[27], combination of femtosecond oscillator and photonic crystal fiber (PCF) [28,29], and the
dual-comb scheme [30]. Method of spectral focusing realizes rapid spectral scanning by simply
tuning the pump-Stokes time delay [23–31]. Remarkably, the introduction of spectral focusing
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in CARS microscopy allows for simplified multimodal nonlinear optical microscopy [32–35],
achieving simultaneously SF-CARS imaging and other attractive nonlinear optical imaging
modalities like two-photon excited fluorescence (TPEF), second and third harmonic generation.

In researches of multimodal nonlinear optical microscopy, animal models or tissues from
animal are widely studied [32–38]. In contrast, multimodal nonlinear optical microscopy
about plants is infrequent. But research about plants is equally significant. Cell walls are the
characteristic structure of the plant tissues and perform essential biological roles in process of
plant growth. The functions of cell walls include regulating the shape and expansion of plant cells,
controlling the tissue cohesion, exchanging ion, and defensing against microbes or pathogens
[39]. Cell walls are composed of organic polymers accumulated through photosynthesis. And
the photosynthetically fixed carbon in cell walls makes cell walls the most abundant source of
renewable energy and terrestrial biomass. Information about spatial distribution of chemical
components in plant cell walls is significant for the cell wall biology and will promote the
discovery of detailed mechanisms by which cell walls accomplish their particular functions and
how they react in biomass conversion for producing biofuels. Given the essentiality of cell walls,
various imaging techniques are explored for visualization of plant cell walls [40]. Cell walls are
mainly composed of polysaccharide and lignin. Taking advantage of the Raman active vibration
modes in polysaccharide and the fluorescence effect of lignin, multimodal nonlinear optical
imaging of TPEF and SF-CARS is suitable for spatial distribution of chemical components in
plant cell walls. In the combination of TPEF imaging and SF-CARS imaging, SF-CARS offers
seletively imaging of single species at specific pump-Stokes time delay and quickly switching
between species by simply tuning the pump-Stokes time delay. Therefore, the multimodal
nonlinear optical imaging of TPEF and SF-CARS offers evident potential for applications in
phytology.

In this research, multimodal nonlinear optical imaging of TPEF and SF-CARS is extending to
application in phytology and is innovatively used to reveal the different distributions of lignin and
polysaccharide, induced by different degrees of lignification, in cell walls. Multimodal nonlinear
optical imaging platform based on single femtosecond oscillator is built. Simultaneous TPEF
and SF-CARS imaging is demonstrated with pumpkin stem tissue. With multimodal nonlinear
optical imaging of TPEF and SF-CARS, distribution of lignin and polysaccharide in the pumpkin
stem tissue is mapped. Vessels are crucial structure in plant stem tissues. With simultaneous
TPEF and SF-CARS imaging, vessel structure in pumpkin stem tissue is observed. Relative
distribution of lignin and polysaccharide in and around the vessel structure is mapped. Two
types of cell walls in pumpkin stem tissue, induced by different degrees of lignification, are
distinguished through mapping the relative distribution of lignin and polysaccharide. And the
distribution of lignin and polysaccharide in these two types of cell walls is analyzed in detail.

2. Experimental

The multimodal nonlinear optical imaging platform, capable of simultaneous TPEF and SF-CARS
microscopy, is modified from a typical SF-CARS imaging system based on single femtosecond
oscillator. Schematic diagram of the multimodal nonlinear optical imaging system is shown
in Fig. 1. Single femtosecond Ti:sapphire laser oscillator (Spectra-Physics, Mai Tai, 42 MHz,
550 mW) is utilized as the excitation source of the multimodal nonlinear optical imaging system.
The broadband output of the femtosecond oscillator is divided into two parts by a dichroic mirror
(Semrock, FF776-Di01). The reflective part carrying short wavelength components and the
transmitted part carrying long wavelength components serve as the pump pulses and the Stokes
pulses in SF-CARS microscopy, respectively. The pump pulses and the Stokes pulses are spatially
recombined at the second dichroic mirror of equal type. The combined beam is divided into
two parts using a 2:8 beam splitter. The reflective part, with weaker power, is focused on a
BBO crystal to monitor the temporal overlapping situation of the pump pulses and the Stokes
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pulses. The transmitted part, with higher power, passes through the laser-scanning unit of the
multimodal nonlinear optical imaging system and serves as the exciting pulses for multimodal
nonlinear optical imaging. The laser-scanning unit is composed of galvo mirror (Thorlabs,
GVSM002), scanning lens and tube lens. The galvo mirror consists of discrete X-axis scanning
mirror and Y-axis scanning mirror, achieving laser focal spot scanning in X-axis direction and
Y-axis direction. An inverted microscope (OLYMPUS IX71) equipped with a water immersion
objective (Olympus, 40/0.65 160/0.17) is utilized for simultaneous TPEF and SF-CARS imaging.
Distances between galvo mirror and scanning lens, scanning lens and tube lens, tube lens and
objective, are set as the focus of scanning lens, the sum of focuses of scanning lens and tube lens,
the sum of focuses of tube lens and objective, respectively. This optical path configuration ensures
that the laser beam is limited in the aperture of the objective in the process of laser scanning.
Power of the pump pulses and the Stokes pulses is set to 40 mW and 100 mW respectively at
the entrance of the inverted microscope for exciting the nonlinear optical signal. TPEF signal
and CARS signal, generated from the sample, are collected in the backward direction and in the
forward direction, respectively. In the detection path of TPEF signal, dichroic mirror (Chroma,
680dcspxr), capable of reflecting the exciting pulses and transmitting TPEF signal, is utilized for
separation of TPEF signal and the excitation background. The TPEF signal is spectrally filtered
with a combination of filters (NC212066-ET670sp and BP580-70 K) and then detected by the
photomultiplier tube (Hamamatsu R3896). In the detection path of SF-CARS signal, a condenser
lens is utilized for collecting the forward SF-CARS signal. And the SF-CARS signal is detected
by another photomultiplier tube (Hamamatsu R7422) after spectrally filtered by the two bandpass
filters (FF02-675/67-25 and FF01-710/40-25). Detection windows for detecting TPEF signal and
SF-CARS signal are set to 565-615 nm and 675-710 nm, respectively.
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Fig. 1. Schematic diagram of the multimodal nonlinear optical imaging platform. DM:
dichroic mirror, M: mirror, BS: beam splitter, BBO: Barium boron oxide, GM: galvo mirror,
X-/Y-Mirror: X/Y axis scanning mirror, SL: scanning lens, TL: tube lens, OBJ: objective
lens, CL: condensing lens, PMT: photomultiplier tube, PC: programmed computer.

The spectra of total output of the femtosecond oscillator, pump pulses and Stokes pulses are
shown in Fig. 2(a). Peak wavelengths of the pump pulses and the Stokes pulses are 775 nm
and 800 nm, respectively. The Raman region, available in the SF-CARS microscopy, is mainly
determined by the full width at half maximum (FWHM) of Stokes pulses. The FWHM of Stokes
pulses turns out to be about 70 nm and the corresponding wavelength components cover region
of 780-850 nm. Therefore, Raman tunability of 0-1200 cm−1 is theoretically achievable in the



Research Article Vol. 14, No. 9 / 1 Sep 2023 / Biomedical Optics Express 4865

SF-CARS microscopy. To realize method of spectral focusing, two SF10 glass blocks with
lengths of 2 cm and 3 cm are inserted in the Stokes path and the recombined path, respectively. A
computer-controlled delay stage (Sigma Koki, SGSP20-85) in Stokes path is utilized for realizing
temporal overlap of pump pulses and Stokes pulses. Spectrum of signal from BBO crystal is
utilized for monitoring the temporal overlapping situation of the pump pulses and the Stokes
pulses. Spectra of signal from BBO crystal under conditions of non-overlap and overlap of pump
pulses and Stokes pulses are shown in Fig. 2(b). While temporal overlap of pump pulses and
Stokes pulses is realized, obvious sum-frequency signal is generated from the BBO crystal.

Fig. 2. (a) Spectrum of total output of the femtosecond oscillator, pump pulses and Stokes
pulses. (b) Spectra of signal from BBO crystal under conditions of non-overlap and overlap
of pump pulses and Stokes pulses. (c) The measured data points from melamine and PS,
and the linear fitting model (R2= 0.9877). (d) Raman spectra of cellulose microcrystal and
polystyrene.

In the SF-CARS microscopy, calibration of spectral scans is accomplished by comparison of
the acquired SF-CARS spectra and the Raman spectra of pure melamine microcrystal and pure
polystyrene (PS) beads (detailed in Supplement 1). The calibration of spectral scans is shown in
Fig. 2(c). A linear fitting model is applied to the measured data points from melamine and PS for
realization of CARS frequency calibration.

The mixture of pure PS beads and PS beads doped with orange fluorescent powder, and
pumpkin stem tissue are prepared for multimodal nonlinear optical imaging. For multimodal
imaging of the hybrid polystyrene beads and the pumpkin stem tissue, SF-CARS imaging
was utilizing for imaging the PS component and the polysaccharide component, respectively.
Cellulose is the dominate polysaccharide in cell walls. Raman spectra of pure PS beads and
pure cellulose microcrystal in region of 0-2000 cm−1 are measured utilizing a portable Raman

https://doi.org/10.6084/m9.figshare.23966466
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spectrometer (BWS415-785 H, B&W Tek) to provide reference for the SF-CARS microscopy.
Raman spectra of pure PS beads and pure cellulose microcrystal in region of 400-1230 cm−1

are shown in Fig. 2(d). The most obvious peaks in Raman spectra of pure PS beads and pure
cellulose microcrystal appear at 1000 cm−1 and 1095 cm−1, respectively.

With the multimodal nonlinear optical imaging platform, single SF-CARS or TPEF frame
contains 900× 900 pixels and represents a region of 135 µm× 135 µm. Single imaging frame is
acquired in about 6 s with a pixel residence time of ∼7 µs.

3. Results and discussion

To test the capability of the imaging platform for simultaneous TPEF and SF-CARS imaging,
mixture of pure PS beads and PS beads doped with orange fluorescent powder is observed with
the multimodal nonlinear optical imaging platform.

All PS beads in the mixture are transparent and monodispersed with 10 µm diameters. Due to
the highly similar appearance, it’s difficult to distinguish the pure PS beads and the PS beads
doped with fluorescent powder by bright field microscope. The orange fluorescent powder,
doped in the PS beads, can generate obvious TPEF signal in range of 550-620 nm at excitation of
broadband pulses centered at 800 nm.

According to the CARS frequency calibration of SF-CARS microscopy, the pump-Stokes
delay is tuned to 1020 fs to probing Raman resonance at 1000 cm−1 of PS molecule. For the
hybrid PS beads (Supplement 1), the corresponding SF-CARS imaging is shown in Fig. 3(a). In
this SF-CARS frame, six PS beads are obviously visible. The simultaneously acquired TPEF
imaging is shown in Fig. 3(b). Different from the CARS frame, only two PS beads are observed
in the TPEF frame. A multimodal nonlinear optical imaging, as shown in Fig. 3(c), is realized
through overlapping the CARS frame and the TPEF frame. In the multimodal nonlinear optical
imaging, six PS beads exist in the imaging region of 135 µm× 135 µm and two PS beads are
doped with orange fluorescent powder among these six PS beads. By means of multimodal
nonlinear optical imaging, two PS beads doped with orange fluorescent powder and the other four
pure PS beads are distinguished successfully. The imaging results of hybrid PS beads verify that
the multimodal nonlinear optical imaging platform is effective in acquiring reliable simultaneous
TPEF and SF-CARS imaging.

Multimodal nonlinear optical microscopy has gotten valuable and abundant achievements with
animal models or tissues. Until nowadays, studying plants with multimodal nonlinear optical
microscopy is still seldom, though multimodal nonlinear optical microscopy becomes popular
gradually in recent years.

Therefore, research in this letter chooses pumpkin stem tissue as the plant sample for
multimodal nonlinear optical imaging and component analysis. Lignin is one of the primary
components of cell walls and is an important source for generating endogenous fluorescence in
plant tissues. [41,42] Another primary component of cell walls is the high molecular weight
polysaccharide, including cellulose, pectic polysaccharide and hemicellulose. High molecular
weight polysaccharide shares similar Raman spectrum. In the Raman spectrum of pure cellulose
shown in Fig. 2(d), the most obvious Raman peak appears at around 1100 cm−1. For multimodal
nonlinear optical imaging of pumpkin stem tissue, TPEF microscopy is utilizing for visualization
of lignin in cell walls. SF-CARS microscopy is utilizing for visualization of polysaccharide,
especially cellulose in cell walls, through tuning the pump-Stokes delay to 1120 fs to probing
Raman resonance at 1100 cm−1 of polysaccharide.

The vessel structure is observed with multimodal nonlinear optical microscopy. SF-CARS
imaging and TPEF imaging of the vessel structure is shown in Fig. 4(a) and Fig. 4(b), respectively.
CARS signal in Fig. 4(a) reveals the distribution of polysaccharide, as shown in Fig. 4(c). TPEF
signal in Fig. 4(b) reveals the distribution of lignin, as shown in Fig. 4(d). The distribution
of lignin shows the cell walls around the vessel structure. The vessel structure turns out as

https://doi.org/10.6084/m9.figshare.23966466
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Fig. 3. Multimodal nonlinear optical imaging of mixed polystyrene beads. (a) CARS
imaging. (b) TPEF imaging. (c) Multimodal nonlinear optical imaging through overlapping
CARS imaging and TPEF imaging.

an obvious circle region of about 320 µm diameters in Fig. 4(c) and Fig. 4(d), formed by the
distribution of polysaccharide or lignin. In the circle region of vessel structure, obvious SF-CARS
signal is visible as shown in Fig. 4(c). That’s to say, there is polysaccharide distributed in the
vessel region of pumpkin stem tissue. Comparatively, only sporadic TPEF signal is generated
from the circle region as shown in Fig. 4(d), which means nearly no lignin exists in the vessel
structure. A multimodal nonlinear optical imaging, realized through overlapping the distribution
of polysaccharide in Fig. 4(c) and the distribution of lignin in Fig. 4(d), is shown in Fig. 4(e),
which shows the relative distribution of polysaccharide and lignin in and around the vessel
structure.

With SF-CARS microscopy, the SF-CARS spectrum of polysaccharide in region labelled with
orange box in Fig. 4(c) is shown in Fig. 5, acquired through tuning the pump-Stokes delay at
fixed step of 6.667 fs. No lignin exists in the orange box region and therefore the SF-CARS
spectrum acquired is free from interfere of lignin. Peak of the SF-CARS spectrum appears at the
pump-Stokes delay of 1120 fs. According to the CARS frequency calibration, the corresponding
Raman line locates at 1104 cm−1, consistent with the Raman peak at around 1100 cm−1 in the
Raman spectrum of cellulose microcrystal. Overall, the SF-CARS spectrum of polysaccharide
shows a high degree of consistency with the Raman spectrum of pure cellulose microcrystal
shown in Fig. 2(d), which further verifies that CARS signal in Fig. 4(c) is generated from
polysaccharide component.

The spatial organization of the chemical components in plant cell walls is significant for the cell
wall biology and the biofuels production. Pumpkin stem tissue around vessel structures exhibits
severe lignification (Supplement 1). In addition, pumpkin stem tissue near vessels exhibits
high lignification degree and pumpkin stem tissue away from vessels exhibits low lignification
degree, which provides natural material for studying the different distribution patterns of lignin
and polysaccharide, induced by different degrees of lignification, in cell walls. Two pumpkin

https://doi.org/10.6084/m9.figshare.23966466
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Fig. 4. Multimodal nonlinear optical imaging of vessel structure. (a) CARS imaging. (b)
TPEF imaging. (c) Distribution of CARS signal in Fig. 4(a). (d) Distribution of TPEF signal
in Fig. 4(b). (e) Multimodal nonlinear optical imaging through overlapping Fig. 4(c) and
Fig. 4(d).

Fig. 5. Normalized SF-CARS spectrum of polysaccharide in the orange box in Fig. 4(c).

stem tissue areas, near vessel structure and away from vessel structure respectively, are chosen
for simultaneous TPEF and SF-CARS imaging. For convenience of description, cell walls in
pumpkin stem tissue away from vessel structure and pumpkin stem tissue near vessel structure
are defined as cell wall type I and cell wall type II, respectively.
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A typical CARS imaging of cell wall type I is shown in Fig. 6(a). CARS signal in Fig. 6(a)
is extracted and repaint in Fig. 6(c) with green color for clearly showing the distribution of
polysaccharide. TPEF imaging of cell wall type I is shown in Fig. 6(b). TPEF signal in Fig. 6(b)
is extracted and repaint in 6(d) with dark red color for clearly showing the distribution of lignin.
Similarly, A typical CARS imaging of cell wall type II is shown in Fig. 7(a). CARS signal in
Fig. 7(a) is extracted and repaint Fig. 7(c) with green color for clearly showing the distribution of
polysaccharide. TPEF imaging of cell wall type II is shown in Fig. 7(b). TPEF signal in Fig. 7(b)
is extracted and repaint Fig. 7(d) with dark red color for clearly showing the distribution of lignin.

Fig. 6. TPEF and SF-CARS of pumpkin stem tissue away from vessel. (a) SF-CARS
imaging. (b) TPEF imaging. (c) Distribution of CARS signal in Fig. 6(a). (d) Distribution
of TPEF signal in Fig. 6(b).

In Figs. 6(a-d) and Figs. 7(a-d), the polygon shape of cells in pumpkin stem tissue is visible
clearly, especially in Fig. 6(d) and Fig. 7(d). And typical polygon cells are indicated with closed
green polygons as shown in Fig. 6(d) and Fig. 7(d). CARS signal in Fig. 6(c) shows that the
polysaccharide in cell wall type I presents a wide ribbon distribution. TPEF signal in Fig. 6(d)
shows that the lignin in cell wall type I presents a narrow strip distribution. That’s to say, the
distribution of polysaccharide is wider than the distribution of lignin in cell wall type I. By
contrast, the distribution of lignin is wider than the distribution of polysaccharide in cell wall type
II, as shown in Fig. 7(c) and Fig. 7(d). In brief, the cell wall type I is dominated by polysaccharide
component and the cell wall type II is dominated by lignin component.

The multimodal nonlinear optical imaging of cell wall type I, realized by overlapping the
CARS frame in Fig. 6(c) and the TPEF frame in Fig. 6(d), is shown in Fig. 8(a). In the same
manner, the multimodal nonlinear optical imaging of cell wall type II is shown in Fig. 8(c). The
different distribution patterns of polysaccharide and lignin in cell wall type I and in cell wall
type II are more intuitive by comparison of Fig. 8(a) and Fig. 8(c). The relative distribution
of polysaccharide and lignin in both cell wall type I and cell wall type II is studied through
analyzing the CARS signal from polysaccharide and the TPEF signal from lignin.
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Fig. 7. TPEF and SF-CARS imaging of pumpkin stem tissue near vessel. (a) SF-CARS
imaging. (b) TPEF imaging. (c) Distribution of CARS signal in Fig. 7(a). (d) Distribution
of TPEF signal in Fig. 7(b).

For cell wall dominated by polysaccharide component in Fig. 8(a), the intensity curves of
CARS signal and TPEF signal along the indicated orange line are shown in Fig. 8(b) with
magenta and blue curves, respectively. As shown in Fig. 8(b), obvious CARS signal from
polysaccharide covers range of around 63-70 µm and the TPEF signal from lignin covers range
of around 63-66 µm. The single peak of TPEF signal appears amid the several peaks of CARS
signal, which means that the lignin component is sandwiched by the polysaccharide component
in the cell wall type I. Under this situation, the width of the cell wall is mainly determined by the
width of the polysaccharide. The width of the polysaccharide component, as well as the width of
the cell wall, is estimated to 7 µm and the width of lignin component in this cell wall is about
4 µm. Large area multimodal nonlinear optical imaging of pumpkin stem tissue away from vessel
structure and pumpkin stem tissue near vessel structure is shown in Supplement 1.

By contrast, for cell wall dominated by lignin component in Fig. 8(c), the intensity curves
of CARS signal and TPEF signal along the indicated orange line are shown in Fig. 8(d) with
magenta and blue curves, respectively. The CARS signal from polysaccharide presents single
peak and covers range of around 97-101 µm. And the TPEF signal from lignin covers a wider
range of around 89-104 µm. It is obvious that the polysaccharide component is sandwiched by
the lignin component in the cell wall type II, as indicated by CARS signal and TPEF signal in
Fig. 8(d). The width of the lignin component, as well as the width of the cell wall, is estimated to
15 µm and the width of polysaccharide component in this cell wall is about 4 µm.

Cell walls in pumpkin stem tissue near vessel and pumpkin stem tissue away from vessel
possess obviously different distribution patterns of lignin and polysaccharide. This difference
of components in cell walls is induced by the different lignification degrees of pumpkin stem
tissue near vessel and pumpkin stem tissue away from vessel. Cell walls near vessels possess a
higher degree of lignification than cell walls away from vessels for the purpose of stiffening and
strengthening the pumpkin stem cells and further supporting the structure of vessels. Therefore,

https://doi.org/10.6084/m9.figshare.23966466
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Fig. 8. (a) Multimodal nonlinear optical imaging of pumpkin stem tissue away from vessel
realized through overlapping Fig. 6(c) and Fig. 6(d). (b) Intensity curves of CARS signal
and TPEF signal along the orange line indicated in Fig. 8(a). (c) Multimodal nonlinear
optical imaging of pumpkin stem tissue near vessel realized through overlapping Fig. 7(c)
and Fig. 7(d). (d) Intensity curves of CARS signal and TPEF signal along the orange line
indicated in Fig. 8(b).

the primary component of cell walls near vessel structure is the component of lignin, rather
than the component of polysaccharide like cellulose. Briefly, the lignification increases the
distribution of lignin in the pumpkin stem tissue to stiffen and strengthen the cells, as well as the
vessel structures.

Although multimodal nonlinear optical imaging of TPEF and SF-CARS has acquired valuable
results with animal models or human tissues [32,33], this research is the advanced attempt of
multimodal nonlinear optical imaging of TPEF and SF-CARS for applications in phytology.
With simultaneous TPEF imaging and SF-CARS imaging, the different distribution patterns of
lignin and polysaccharide in cell walls, induced by different degrees of lignification, is revealed
for the first time. Meanwhile, research in this paper needs to be further improved and deepened.
In this research, the pumpkin stem tissue is observed in vitro, only TPEF imaging and SF-CARS
imaging is involved in the multimodal imaging, and no method is applied to suppressing the
non-resonant background in SF-CARS imaging. For the future study, live pumpkin stem tissue
in vivo can be research for monitoring the dynamic distribution of polysaccharide and lignin
in the lignification process or the formation process of vessel element. At the support of more
PMTs, suitable filter systems, and improved control system, there is possibility for botanical
research with more modalities of nonlinear optical imaging, like SHG and THG microscopy. And
more components can be observed and analyzed. Besides, methods like polarization detection or
frequency modulation can be utilized for non-resonant background suppression in SF-CARS
imaging.
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4. Conclusion

In conclusion, multimodal nonlinear optical imaging platform based on single femtosecond
oscillator is built and simultaneous TPEF and SF-CARS imaging is demonstrated with pumpkin
stem tissue. TPEF microscopy allows for visualization of lignin and SF-CARS microscopy
realizes mapping of polysaccharide. Vessel structure of 320 µm diameters in pumpkin stem
tissue is observed. Relative distribution of lignin and polysaccharide in and around the vessel
structure is mapped. Two pumpkin stem tissue areas with different degrees of lignification are
observed and the different distribution patterns of lignin and polysaccharide in these two types
of cell walls, induced by different degrees of lignification, is revealed with simultaneous TPEF
and SF-CARS imaging. Cell walls away from vessel structure, with low lignification degree, is
dominated by polysaccharide. And cell walls near vessel structure, with high lignification degree,
is dominated by lignin. For cell walls dominated by polysaccharide, the lignin is sandwiched by
the polysaccharide. The width of the polysaccharide component, as well as the width of these cell
walls, is estimated to 7 µm and the width of lignin component in these cell walls is about 4 µm.
For cell walls away from vessel dominated by lignin component, the polysaccharide component
is sandwiched by the lignin component. The width of the lignin component, as well as the width
of these cell walls, is estimated to 15 µm and the width of polysaccharide component in these cell
walls is about 4 µm. The increased distribution of lignin induced by lignification is observed in
the pumpkin stem tissue.

Research in this work advances and enriches the applications of multimodal nonlinear optical
imaging in phytology. The different distribution patterns of lignin and polysaccharide in cell walls,
revealed with simultaneous TPEF and SF-CARS imaging, is meaningful for the cell wall biology
and explaining mechanisms by which cell walls accomplish their particular functions. And
this research will help promote cell walls react effectively in biomass conversion for producing
biofuels.
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